Water plays an essential role in the structure and function of proteins, particularly in the less understood class of membrane proteins. As the first of its kind, channelrhodopsin is a light-gated cation channel and paved the way for the new and vibrant field of optogenetics, where nerve cells are activated by light. Still, the molecular mechanism of channelrhodopsin is not understood. Here, we applied time-resolved FT-IR difference spectroscopy to channelrhodopsin-1 from Chlamydomonas augustae. It is shown that the (conductive) P 2 380 intermediate decays with τ ≈ 40 ms and 200 ms after pulsed excitation. The vibrational changes between the closed and the conductive states were analyzed in the X-H stretching region (X = O, S, N), comprising vibrational changes of water molecules, sulfhydryl groups of cysteine side chains and changes of the amide A of the protein backbone. The O-H stretching vibrations of "dangling" water molecules were detected in two different states of the protein using H 2 18 O exchange. Uncoupling experiments with a 1:1 mixture of H 2 O:D 2 O provided the natural uncoupled frequencies of the four O-H (and O-D) stretches of these water molecules, each with a very weakly hydrogen-bonded O-H group (3639 and 3628 cm −1 ) and with the other O-H group medium (3440 cm −1 ) to moderately strongly (3300 cm −1 ) hydrogen-bonded. Changes in amide A and thiol vibrations report on global and local changes, respectively, associated with the formation of the conductive state. Future studies will aim at assigning the respective cysteine group(s) and at localizing the "dangling" water molecules within the protein, providing a better understanding of their functional relevance in CaChR1.
I. INTRODUCTION
The complex hydrogen-bonded network of liquid water accounts for many of its unusual physico-chemical properties, 1-3 the other important factor being quantum nuclear effects of the hydrogen atoms. 3, 4 Each water molecule can be involved in a maximum of four hydrogen bonds (Hbonds), two as a donor (O-H groups) and two as an acceptor (at the free electron pairs of the oxygen atom). In liquid water, the average number of H-bonds per water molecule is still controversial, 5 but generally believed to be around 3.6. 2, 4 Therefore, around 10% of the time water molecules are expected to be "dangling" waters, i.e., with one or two O-H groups free from H-bonding. 3 The distribution and dynamics of H-bonds in water can be probed by vibrational spectroscopy, affecting the vibration frequency, line-shape, and intensity of the stretching of the O-H group. The frequency of the O-H stretching vibration has been shown empirically to inversely correlate with the O · · · O distance and the H-bond strength. 6, 7 The more red-shifted an O-H stretching mode appears, the stronger this group is H-bonded to nearby molecules, an expectation confirmed by simulations. 8, 9 In addition, the fulla) Víctor A. Lórenz-Fonfría and Vera Muders contributed equally to this work. b) Author to whom correspondence should be addressed. Electronic mail:
joachim.heberle@fu-berlin.de width at half-maximum (FWHM) of the resulting band increases with the strength of the H-bond. 10, 11 The broadening is mostly ascribed to increased anharmonic couplings to low-frequency modes and more effective vibrational relaxation. The integrated absorption coefficient of the O-H stretching also increases with the strength of the H-bond. This increase is explained by strengthened polarization of the O-H bond. 11, 12 To lesser extend, the O-H frequency is affected as well by intramolecular (and intermolecular) vibrational coupling between the O-H transition dipole moment of the same (and surrounding) molecule(s). 3 This coupling results in the well-known asymmetric and symmetric modes at 3756 and 3657 cm −1 of H 2 O in the gas phase. Both the intramolecular and intermolecular coupling can be effectively turned off by isotopic dilution experiments, using a H 2 O/D 2 O mixture. 3, 12 In liquid water, the O-H stretching is characterized by a very broad absorption band in the infrared region, extending from 3700 to 2800 cm −1 , 13 illustrating the heterogeneous nature of H-bonds in water. 8 The O-H (O-D) stretch of HOD diluted in D 2 O (H 2 O), a model system to uncoupled O-H (O-D) vibrations, peaks at ∼3400 cm −1 (∼2500 cm −1 ). 3, 12 The frequency of the O-H stretch of a water molecule fluctuates in time, a process known as spectral diffusion that can be used to probe molecular dynamics. Ultrafast vibrational experiments probing the O-H stretching lead to the conclusion that "dangling" O-H groups are transient species in water. They spectrally diffuse in 200 fs to an H-bonded form and can be considered as intrinsically unstable forms. 14 Their lifetime is faster than the vibrational relaxation of the O-H group, 15 which, therefore, only very occasionally senses a pure H-bond free from its environment. Indeed, diluted HOD in phenol gives a narrow band at ∼3600 cm −1 with a 15-20 cm −1 width (FWHM), 12 while those from formal dangling O-H groups in water give a considerable broader band of ∼100 cm −1 width, according to spectral simulations. 3 Dangling O-H groups of water are expected to be more numerous and stable at hydrophobic interfaces, such as the water-air interface, due to geometric constrains. 16 In fact, vibrational sum-frequency spectroscopy, a surface-sensitive technique, has shown that the interface is particularly enriched in dangling O-H groups with a characteristic vibration at ∼3680 cm −1 . 17, 18 This band is relatively narrow (∼30 cm −1 ) 17, 18 with a line width partially limited by the fast reformation of H-bonds at the interface due to fast reorientation of interface water molecules. 18 Dangling O-D groups at the water-air interface oscillate at ∼2740 cm −1 and exhibit narrow bandwidths (11-14 cm −1 ). 19 Protonated water clusters (comprising 2-27 water molecules) have also been intensively studied by vibrational spectroscopy. 20, 21 They contain a large number of dangling O-H groups at the outer shell of the cluster, characterized by O-H frequencies at 3695 and 3715 cm −1 , and bands of narrow width (∼15 cm −1 ). The lower and the higher wavenumber bands have been assigned to dangling O-H groups accepting either two or only one H-bond at the oxygen atom. 20 As a comparison, the uncoupled O-H (O-D) stretch of water in the gas phase, the simpler model for non H-bonded water, appears at 3707 cm −1 (2724 cm −1 ). 3 Water molecules fill cavities in proteins and are located in putative proton transfer pathways. 22 Geometric constrains can lead to unsatisfied H-bonds and, therefore, to dangling and weakly H-bonded O-H groups in proteins. Their detection by vibrational spectroscopy is compromised by the large background absorption from the bulk water hydrating the protein and the high number of active vibrational modes of proteins. Difference spectroscopy solves both technical issues, revealing selectively "functionally active" vibrations, i.e., those changing between two states of a protein. Because of the natural occurrence of O-H groups in proteins, in the side chains of threonine, serine, and tyrosine, the assignment of O-H vibrations to internal waters relies on the ∼11 cm −1 spectral downshift when using H 2 18 O as a solvent, as shown by pioneering studies on bacteriorhodopsin (BR). [23] [24] [25] Briefly, dangling and weakly H-bonded waters in proteins show bands between 3700 and 3600 cm −1 with a bandwidth of 6-20 cm −1 . This experimental approach was later extended to experiments in D 2 16 O and D 2 18 O, in the less congested X-D stretching region, which benefits from slightly larger isotopic downshifts (∼14 cm −1 ) and narrower bands. 26 This opens the way to the simultaneous detection of very weakly to very strongly Hbonded active waters in a variety of different proteins. [27] [28] [29] Numerous cryogenic studies on O-H stretching changes of internal waters in retinal proteins followed 28, 30 and were successfully extended to other photosensitive proteins. 31 Later, dangling and weakly H-bonded water molecules have been also detected at room temperature. [32] [33] [34] Changes in the D-O-D bending of water molecules have been detected, as well. 35 It was shown that the exchange of the protein solvent from H 2 16 O to H 2 18 O is enough to detect dangling waters in the dark state of BR, without the need to induce a photoreaction. 36 In the present work, another class of the large family of retinylidene proteins was studied. Channelrhodopsins (ChRs) are light-gated ion channels, the first and so far the only ones known in nature. 37 Light-driven passive conductance for cations by ChRs was proven in ground-breaking electrophysiological experiments on Xenopus oocytes and HEK cells expressing ChR1 and ChR2 from the algae Chlamydomonas reinhardtii. 38 ChRs belong to the family of microbial rhodopsins, characterized by containing seven transmembrane helices and harboring as a chromophore a retinal molecule covalently bound to a lysine side chain to form a protonated Schiff base (SB). 39 The light-gated ion conductivity of ChRs forms part of the phototaxis machinery of green unicellular algae, involved in attractive and repellent responses to the wavelength, intensity, and direction of the surrounding light. 40 When ChRs are heterologously expressed in neuronal cells, light can be used to depolarize the cell membrane and, thus, ChRs can be used to elicit action potentials. 41 Channelrhodopsin-2 from C. reinhardtii, CrChR2, is the best characterized ChR so far, both by electrophysiological and spectroscopic studies, as recently reviewed. 42 43 The only ChR whose 3D structure has been resolved to atomic resolution is a chimera construct from CrChR1 and CrChR2 (C1C2). 44 Recently, the first report on active internal water molecules on a ChR was published, performed on the C1C2 chimera. 45 Light-induced FT-IR spectroscopy revealed changes in water O-D vibrations upon illumination at 77 K, i.e., between the closed dark and the early P 1 500 state. An unusually large number of active water molecules were identified as compared to other microbial rhodopsins. 27, 46 One of them was assigned by mutagenesis to form part of the Hbonding network that stabilizes the protonated SB.
A recent homology cloning survey identified several new ChRs in Chlamydomonas. 47 Among them, ChR1 from Chlamydomonas augustae, CaChR1, shows some favorable properties to compete with CrChR2 as a tool to depolarize the membrane potential of a host cell by light: a redshifted absorption maximum (see Fig. S1 of the supplementary material 59 ) and a lower inactivation level under sustained illumination. 47 This lower inactivation allows achieving light-driven membrane depolarization even at lower expression levels in the cell. The possibility to use a more red-shifted excitation light, minimizes light scattering of biological tissues and allows for deeper penetration depth into the tissue of targeted cells. Another favorable property of CaChR1 is that, in contrast to CrChR2, the P 2 380 intermediate is accumulated under continuous illumination, 48 facilitating its biophysical characterization. The lifetime of the P 2 380 state of CaChR1 correlates with the time domain for passive channel current measured in HEK cells. 49 Consequently, the P 2 380 intermediate represents the conductive state of CaChR1, in contrast to CrChR2 where the P 3 520 intermediate is the main conductive state. Here, we show that the conductive P 2 380 state of CaChR1 exhibits large conformational changes in the protein backbone, as inferred from the analysis of amide A, I, and II vibrations, as well as H-bonding changes in the sulfhydryl group (S-H) of cysteine side chains. Moreover, we provide a detailed analysis on the O-H (and O-D) stretching vibrations of weakly H-bonded internal water molecules. Namely, by isotopic uncoupling experiments, we characterized the natural vibration frequency of the two O-H stretches of a water molecule in the dark and in the P 2 380 state. This is the first time that water molecules are detected and characterized in the conductive state of a ChR. An additional novelty is the use of isotopic uncoupling experiments to quantitatively infer the frequency of strongly H-bonded O-H groups of water in proteins.
II. MATERIALS AND METHODS

A. Steady-state FT-IR spectroscopy
CaChR1 was cloned, expressed and purified as described. 48 CaChR1 was concentrated to 5-10 mg/ml in 5 mM NaCl, 5 mM Hepes, pH 7.4 and 0.05% DDM. 2-5 μl was dried on top of a BaF 2 window. The protein film was rehydrated from the vapor phase from 3 μl of a glycerol/water solution (2/8 w/w corresponding to a relative humidity of ∼98%) placed near the film. 50 The hydrated film was sealed with a second window using a 1 mm thick spacer. We used either normal water (99.7% 16 Fig. S2 of the supplementary material 59 ). Light-induced IR difference spectra were measured in transmission mode, using a commercial FT-IR spectrometer (Vertex 80v, Bruker) running at a spectral resolution of 2 cm −1 . The samples were kept in the dark for 10 s, and subsequently illuminated for 10 s by an LED emitting blue-green light (λ max = 505 nm). Data acquisition was performed in the last 5 s in dark and light. The process was automatically repeated to a final of 3000 co-added scans. The sample holder was kept at 25 • C by a circulating water bath (F25, Julabo).
Temperature-induced IR difference spectra of H 2 O, D 2 O and H 2 18 O were measured in attenuated total reflection (ATR) mode, using a single reflection diamond cell (Resultec, Germany). A water-circulating holder connected to a thermostated bath was used to change the temperature from 25 • C to 27 • C. The penetration depths of the evanescent wave in ATR spectroscopy is wavenumber-dependent, which needs to be accounted for the quantitative comparison to transmission experiments. We calculated the wavenumber dependence of the effective penetration using Harrick's equations for the thick-weak absorber approximation, 51 using the published refractive indices spectra of H 2 O and D 2 O (http://www.ualberta.ca/~jbertie/JBDownload.HTM) 13, 52 as shown in Fig. S3 of the supplementary material. 59 For H 2 18 O, we used the refractive index spectrum of H 2 O, with wavenumbers rescaled by 0.997 due to the change in reduced mass. The experimental absorption difference ATR-IR spectra from the heating of water was divided by the calculated effective penetration to cancel wavenumber-dependent penetration effects.
B. Spectral post-processing
To improve the signal-to-noise ratio when analyzing the X-H (X = O, N, S) spectral region, FT-IR difference spectra above 1800 cm −1 were post-processed to 4 cm −1 resolution in the Fourier domain, using a Triangle filter of suitable cutoff, in a home-made routine running in Matlab. For the detailed analysis of the O-H and O-D stretching regions, the FT-IR difference spectra were corrected for heat-induced spectral changes by subtracting the temperature-induced FT-IR difference spectrum of liquid water with an appropriate scaling factor. Further improvement of the baseline was accomplished by applying a Fourier filter in a home-made routine running in Matlab. We used a Gaussian of 80 cm −1 for baseline correction of the S-H region of 40 cm −1 width for the O-H stretch region and of 20 cm −1 width for the O-D stretch region.
C. Time-resolved rapid-scan FT-IR spectroscopy
A hydrated film of CaChR1 was excited every 100 s with a 10 ns blue (490 nm) laser pulse from an OPO (optical parametric oscillator) driven by the third harmonic of a Nd:YAG laser. After photo-excitation, double-sided interferograms were recorded for 94 s in the forward and backward direction. The process was repeated 500 times (∼14 h of data collection) for signal-to-noise improvement. Interferograms were scanned at an optical retardation corresponding to a spectral resolution of 8 cm −1 , and at a mirror speed requiring 13 ms to complete a double-side interferogram (modulation of the internal HeNe laser of 200 kHz). Data points of the interferogram were digitized at a sampling rate equivalent to a spectral width of 3156.8-0 cm −1 , and a low pass optical filter with a cutoff of ∼2250 cm −1 was used to avoid aliasing. The averaged time-resolved double-sided interferograms were split into single side interferograms, to double the time resolution, and were Fourier transformed. Spectra were averaged between 78 and 94 s after photo-excitation to be used as reference to compute absorption difference spectra. The resulting time-resolved difference spectra were subjected to singular value decomposition (SVD), as described. 53 Three SVD components were found to concentrate the signal and used to reconstruct the data with reduced noise. We performed global fitting combined with SVD in self-written routines running in Matlab. 54 The first two time-traces of highest significance were globally fitted to three exponentials to yield time constants of 37 ± 3 ms, 220 ± 70 ms, and 25 ± 3 s. These time constants are similar to those in solution experiments performed by flash-photolysis (Sineshchekov et al. 49 and our own unpublished results). Thus, in the hydrated films used for FT-IR spectroscopy, CaChR1 is immersed in sufficient water to exhibit "solution-like" dynamics.
III. RESULTS
A. Characterization of spectral changes in CaChR1 under continuous illumination
The light-induced IR difference spectrum of CaChR1 ( Fig. 1) shows changes between the dark state and the intermediate state accumulated under photo-stationary conditions, as recently described. 48 Negative bands represent vibrations of the dark state of CaChR1 which are missing in the photoaccumulated intermediate state, and vice versa for the positive bands. The three negative bands in Fig. 1 at 1237 cm −1 , 1202 cm −1 , and 1163 cm −1 are assigned to C-C stretching vibrations of protonated all-trans retinal, 55 indicating that the photocycle in CaChR1 starts predominantly from the isomerization of the all-trans retinal, as in CrChR2 56, 57 and in most microbial rhodopsins. 39 The IR intensity of the C-C stretching vibrations of the retinal is negligible unless the SB is protonated. 23, 58 The absence of positive bands in this region (beside one weak band at 1176 cm −1 ) confirms that an intermediate with deprotonated SB is predominantly accumulated. A detailed analysis of the retinal bands has recently been published. 48 We performed time-resolved rapid-scan FT-IR experiments following a nanosecond laser pulse for excitation ( Fig. 2(a) ). The first recorded spectrum (6.5 ms after the laser pulse) lacks positive bands in the C-C stretching region of the retinal (1100-1300 cm −1 ), a characteristic feature for intermediates with deprotonated SB. 23, 58 Thus, the spectrum recorded at 6.5 ms after pulsed excitation represents an almost pure P 2 380 spectrum ( Fig. 2(b) , top). P 2 380 decay proceeds in a bi-exponential manner (with time constants of τ = 40 ms and 200 ms), which agrees well with previously reported time-resolved UV/Vis experiments. 49 From electrical current measurements of CaChR1 in HEK cells, it is known that the passive channel current last until approximately 40-50 ms, revealing the P 2 380 intermediate as the conductive state of the channel. 49 After the P 2 380 decay is completed, confirmed by the disappearance of all positive bands in the carboxylic region (1780-1700 cm −1 ), a spectrum with a strong positive band in the C-C stretching region, at 1179 cm −1 , is observed ( Fig. 2(b) , bottom). This difference spectrum corresponds to a late intermediate with protonated SB, formed after the decay of P 2 380 , which decays with τ = 25 s to the dark state. The presence of the negative bands at 1237, 1203, and 1161 cm −1 indicate that this intermediate (and the P 2 380 intermediate) originates from the all-trans photocycle. Because photocurrents in CaChR1 cease in less than 100 ms, 49 but the vibrational changes persist for more than two orders of magnitude ( Fig. 2(a) ), we assign this intermediate to a P 4 520 state.
Comparing the data from steady-state ( Fig. 1 ) and timeresolved FT-IR spectroscopy ( Fig. 2(a) ), we conclude that the P 2 380 intermediate is predominantly accumulated under continuous illumination of CaChR1, with little contributions from the P 4 520 intermediate (see also Fig. S4 of the supplementary material 59 ). Arguably, the similar absorption characteristics of the P 4 520 and the dark state of CaChR1 leads to the excitation of the former under continuous illumination and, thus, to its immediate conversion to the initial dark state. Consequently, the long-lived P 2 380 but not the P 4 520 state, will accumulate. The accumulation of the P 2 380 intermediate in CaChR1 under continuous illumination at room-temperature is in contrast to CrChR2, in which the desensitized state P 4 480 is accumulated under these conditions. 56 Thus, CaChR1 is particularly well-suited to analyze for the first time internal waters of a ChR in the conductive state. 
B. Spectral contributions from transient heating
The heat released after photo-excitation (internal conversion) slightly heats the solvent water in the sample. 34, 60 As temperature rises, H-bonds become weakened on the average, leading to an upshift of O-H (and O-D) stretching frequencies. This results in a broad bilobic feature in the 3700-2900 cm −1 (2750-2150 cm −1 ) region, better observed in the temperature-induced IR difference spectrum of pure water (bottom spectra in Fig. 1 ). Water heating also leads to minor spectral changes in the H-O-H (D-O-D) bending region at ∼1645 cm −1 (∼1210 cm −1 ). As expected, we observe spectral changes in the O-H and O-D regions of the lightinduced FT-IR spectra of CaChR1 similar in shape to those characteristic of water heating (Fig. 1 ). Based on its intensity, the calculated light-induced heating is very small, 0.02 K, but sufficient to lead to significant spectral distortions in the O-H and O-D stretching region that need to be corrected for, as described in Sec. II.
C. Changes in the peptide bond: Amide A, I, and II vibrations
Intense bands in typical regions for the peptide bond vibrations indicate notable alterations in the protein backbone structure between the ground state and the conductive P 2 380 state of CaChR1 (Fig. 1) . Specifically, the bands at 1679 (+), 1629 (+), and 1662 (−) cm −1 can be assigned to amide I vibrations, a coupled mode mostly contributed by the C=O stretching of the peptide bond. 61 The negative band at 1662 cm −1 appears at a wavenumber typical for transmembrane helices. 62, 63 In agreement with this assignment, intense negative bands are resolved in the characteristic region for the amide A vibration (N-H stretching) of α-helices, 62, 63 at 3318 cm −1 and 3288 cm −1 . The amide II vibration (N-H bending and C-N stretching) of α-helices appears typically around 1545-1540 cm −1 for α-helical transmembrane proteins. 63 Consequently, the negative band at 1550 cm −1 can be assigned to amide II vibrations, but partially also to contributions from ethylenic (C = C) vibrations of the retinal chromophore, which were recently identified by resonance Raman spectroscopy. 48 The positive band at 1629 cm −1 is accompanied by a positive band at 3247 cm −1 (better resolved in the D 2 O experiments, Fig. 1 , top, green line) assigned to the amide I and amide A vibrations of β-strands, respectively. 64 The blue-shifted positive amide I band at 1679 cm −1 , as well as the amide A bands at 3382 and 3348 cm −1 (better resolved in D 2 O experiments), are indicative for weakly H-bonded peptide C = O and N-H groups, often found in turns. 61 Overall, these bands indicate notable conformational changes in the protein backbone between the dark state and the P 2 380 intermediate of CaChR1. Furthermore, we infer the amide groups involved in the conformational changes are mostly resistant to H/D exchange because the same bands are observed with similar intensity in the amide A region in H 2 O and D 2 O, most probable due to very stable intramolecular H-bonds.
D. Dangling O-H vibrations of active water molecules
The FT-IR difference spectrum of CaChR1 shows two narrow bands at 3645 and 3633 cm −1 (Fig. 1) , this region is characteristic for weakly H-bonded O-H groups. To assess if these bands indeed originate form water molecules, we performed light-induced experiments after rehydrating the protein with H 2 18 O (Fig. 3(a) , dashed lines). The exchange of H 2 16 O to H 2 18 O selectively increases the reduced mass associated to water vibrations, allowing to unambiguously identifying water bands by their vibrational downshift, excluding contributions from amino acid side chains (serine, threonine and tyrosine). We first computed a double difference spectrum between H 2 16 O and H 2 18 O (Fig. 3(b) ), done to attenuate the spectral contributions from water heating without the need of performing a baseline correction. The result clearly shows the presence of two positive bands at 3648 and 3623 cm −1 and an about twice as intense negative band at 3634 cm −1 , indicating that both a positive (at ∼3648 cm −1 ) and the negative band (at ∼3634 cm −1 ) are sensitive to 18 O labeling of water.
In an alternative procedure, the broad spectral contributions of water heating was digitally removed from the lightinduced IR difference spectrum of CaChR1 as described in Sec. II (Fig. 3(a) , continuous lines). In the O-H stretching region, we observed two narrow bands at 3646(+)/3633(−) cm −1 of 14 cm −1 and 7 cm −1 width, respectively. These two bands undergo a 9-11 cm −1 downshift to 3637(+)/3623(−) cm −1 in H 2 18 O, without a change in their bandwidth. In D 2 O, the two bands downshift by ∼950 cm −1 , to 2694(+)/2684(−) cm −1 . The bands are narrower in D 2 O, showing a width of 12 cm −1 and 6 cm −1 , respectively. The accuracy in the determination of the maximum of the above bands was higher than ± 0.3 cm −1 according to replicate experiments (see, for an example, Fig. S5 of the supplementary material 59 ). The observed isotopic downshifts are in reasonable agreement with the shifts expected considering only the change in the reduced mass: 12 cm −1 for H 2 18 O and 990 cm −1 for D 2 O. The intensities of the O-D bands are ∼30% smaller than the corresponding O-H bands (Fig. 3(a) ). This is in agreement with the ∼30% smaller absorption coefficient of the O-D stretch than of the O-H stretch of water. 13, 65 The narrower bands in D 2 O are also coherent with the longer lifetime of the O-D stretch compared to the O-H stretch. 3 We conclude that CaChR1 contains a water molecule in the dark state with a weakly Hbonded O-H group. A water molecule with an even weaker H-bonded O-H group is present in the conductive P 2 380 state.
E. Uncoupling experiments by isotopic dilution
The two O-H bonds of a water molecule represent coupled vibrators. In the extreme case of identical frequencies, e.g., for water in the gas phase, the O-H stretches couple into pure asymmetric and symmetric vibration modes at 3756 and 3657 cm −1 with a frequency gap of 2γ = 99 cm −1 (where γ stands for the coupling constant). As the natural frequencies of the O-H stretches of water molecules in condensed phase exhibit larger differences, their coupling decreases. Therefore, the vibration frequency of a dangling O-H is indirectly sensitive to the frequency of the other O-H vibration in the same water molecule and, hence, to the strength of the H-bond at this second O-H group (see schematic Fig. 4 ).
Coupling-induced shifts can be determined by isotopic dilution experiments. We measured the light-induced FT-IR difference spectrum of CaChR1 in an H 2 O/D 2 O (1:1) mixture ( Fig. 5(a) , top). Under this condition, a dangling water will be an equimolar mixture of H 1 -O-H 2 , H 1 -O-D 2 , D 1 -O-D 2 , and D 1 -O-H 2 , where H 1 (D 1 ) represents the proton at the dangling O-H group (Fig. 4, left) . The first two species give the coupled and uncoupled frequencies for the dangling O-H stretch and the last two the coupled and uncoupled frequencies for the dangling O-D stretch. For comparison, Fig. 5(a) the positive band shows a shoulder and the negative band is broader, suggesting overlapping contributions.
The difference spectrum calculated for HOD, which represents an uncoupled difference spectrum, is shown in Fig. 5(b) . This spectrum was obtained by proper subtraction of the spectra from the H 2 O and D 2 O experiments to that of the H 2 O/D 2 O mixture experiment, scaled to remove coupled spectral contributions. The fully uncoupled difference spectrum shows that the vibrational coupling upshift the positive band by ∼7 cm −1 and the negative band by ∼5 cm −1 in the O-H region. Note, the wavenumber shift upon uncoupling is roughly half for the O-H than for the O-D stretch. This difference is expected, given the slightly weaker intramolecular coupling constant in H 2 O versus D 2 O, but mostly due to the larger frequency discrepancy between the free O-H group and an average H-bonded O-H group for H 2 O (∼300 cm −1 ) than for D 2 O (∼250 cm −1 ). 19 The observed shift upon uncoupling ( ) is used to calculate the frequency difference between the natural frequencies of two coupled vibrations (δ) as given by the equation: 66 
F. Hydrogen-bonding changes of the thiol group of cysteine residues
The FT-IR difference spectrum of CaChR1 shows a pair of bands at 2568(−)/2544(+) cm −1 of a width of 10 and 18 cm −1 , respectively (Fig. 6, red line) . This spectral region is highly specific in proteins for the S-H stretching vibration from the thiol group of cysteines. 69 In D 2 O, the bands shift to 1865(−)/1849(+) cm −1 (Fig. 6, green line) . This 703/695 cm −1 downshift in D 2 O is close to the theoretical downshift of 725 cm −1 expected from the increase in the reduced mass. The 2.5 times weaker intensity of the S-D band is in line with the 2.5-3 times reduced extinction coefficient of the S-D band compared to S-H. 70 Consequently, the sulfhydryl group of the probed cysteine (or cysteines) is fully susceptible to H/D exchange.
Likewise to the O-H stretch, the S-H stretch shifts to lower wavenumbers when it functions as H-bond donor. Methanethiol shows an S-H (S-D) stretch in the gas phase (non-hydrogen-bonded) at 2605 cm −1 (1893 cm −1 ). The S-H stretching vibration of model compounds was investigated in various solvents of increased polarity. 71 The S-H was reported at 2585 cm −1 when non-hydrogen-bonded, while it was found at 2580-2575 cm −1 for weak H-bonded, at 2575-2560 cm −1 for moderate and at 2560-2525 cm −1 for strong H-bonded S-H groups. 71, 72 Lower S-H stretching frequencies (down to 2477 cm −1 ) have also been observed in proteins. 73 We should note that the H-bond acceptance by the sulfur atom has a minor effect in the S-H stretching frequency of model compounds, increasing the wavenumber frequency by less than ∼5 cm −1 . 71 This experimental observation challenges the conclusions from an homology model of CrChR2 refined by QM/MM simulations, suggesting that cysteine residues showing notable vibrational changes in the S-H stretch could be H-bonded only at the sulfur atom. 74 Therefore, the observed 24 cm −1 downshift of the S-H band between the dark state and the P 2 380 state of CaChR1 must originate from an increase of the H-bond strength of the S-H group as a H-bond donor: from moderately to strongly H-bonded.
The negative band at 2568 cm −1 shows a shoulder, resolved after band-narrowing by Fourier deconvolution at 2560 cm −1 (Fig. 6, inset) . This additional component, with half of the intensity compared to the main component at 2569 cm −1 , might be due to the presence of two rotamers with respect to the C-S torsion, known to lead at most to 10 cm −1 frequency shifts. 71, 75 Indeed, similar subcomponents separated by 8 cm −1 have been observed in proteins and assigned to a mixture of cysteine rotamers before, 76, 77 an assignment supported by simulations and structural data. 76, 78 Still, the overlapping contribution of two cysteine side chains is an alternative explanation that cannot be discarded. Future mutational studies on CaChR1, where cysteines are selectively exchanged, will clarify this point. Based on the present results, we infer that at least one cysteine in CaChR1 shows a moderate H-bonded S-H group in the dark state (2568 cm −1 ) which becomes strongly H-bonded in the conductive P 2 380 intermediate (2544 cm −1 ). This H-bonding change may report a conformational change in the opening of the channel.
IV. DISCUSSION
We have performed a vibrational analysis of the lightdriven ion channel CaChR1, covering the X-H and X-D (X = O, S, N) region and specially focused on O-H (O-D) vibrations of active water molecules. Upon continuous illumination of CaChR1, a photocycle intermediate with deprotonated SB (P 2 380 ) is predominantly accumulated. The kinetics of the decay of this intermediate correlates with the decrease of the photocurrents. 49 Consequently, the observed spectral changes correspond to the formation of the conductive state of the channel that arises from the dark state.
A. Conformational changes of the protein backbone between the conductive and the dark state
The changes in the amide I region (1700-1620 cm −1 ), associated to the formation of the P 2 380 state from the dark state, are much larger than typically found in other microbial rhodopsins, 43 but comparable in intensity to those of CrChR2, 57 and the C1C2 chimera. 45 Nevertheless, bands in the structurally sensitive amide I region are significantly different in the conductive states of CaChR1 (P 2 380 ) and CrChR2 (late P 2 390 and P 3 520 ), indicating differences in the structural changes that guide the opening of CaChR1 and CrChR2. We tentatively assigned bands in the amide I, II, and amide A regions of CaChR1 to changes in specific secondary structures. Briefly, the formation of the open state mainly involves changes in helices, but presumably also in β-strands and turns. Such light-induced changes in the tertiary structure of CrChR2 have been observed by EPR spectroscopy. 85
B. Active water molecules in CaChR1
We assigned bands at 3646(+) and 3633(−) cm −1 to the O-H stretching of weakly H-bonded "dangling" water molecules in the P 2 380 and in the dark state of CaChR1, respectively. Coupling-induced frequency shifts were measured by isotopic uncoupling experiments. From these experiments, we inferred the frequency of two additional O-H stretches of water. The frequency shift between the coupled and uncoupled mode was then used to estimate the wavenumber separation of two O-H stretches in a water molecule. As a result, the natural (uncoupled) frequencies of four O-H (and O-D) stretches of water molecules was determined: in the dark state at 3628 and ∼3300 cm −1 (2673 and ∼2450 cm −1 ) and in the P 2 380 state at 3639 and ∼3440 cm −1 (2679 and ∼2530 cm −1 ), as visually summarized in Fig. 7 .
The frequencies of the O-H (O-D) stretches, at 3300 and 3440 cm −1 (2450 and 2530 cm −1 ), appear in a region that challenges their direct experimental observation due to overlapping spectral components, water heating artifacts, and band broadening associated to lower O-H stretching frequencies. Therefore, the present approach using uncoupling isotopic experiments can be useful to detect medium/strongly H-bonded O-H groups of water when the other O-H group is weakly H-bonded. The error in the wavenumber of the coupled O-H (O-D) stretches is around ± 130 cm −1 (± 85 cm −1 ), caused by the relative large uncertainty in the value of the vibrational coupling constant, an issue that could be improved by suitable theoretical studies. The determination of the uncoupling shifts, the main source of experimental error, is significantly smaller. A generous estimate of the error in the uncoupling shifts of ± 1 cm −1 leads to an error of around ± 60 cm −1 (± 20 cm −1 ) in the coupled O-H (O-D) frequency. The error is larger for the O-H than for the O-D stretch, due to the smaller shifts in the former. We should note that the same approach used here was performed before to characterize the vibration frequency of the two O-H groups of water molecules at the water-air interface. 19 For proteins, coupled and uncoupled O-H vibrations of dangling waters have only been detected in the S1 and in the S2 states of photosystem II. 33 These shifts were quantitatively analyzed later by a different group, with some inconsistent results between the O-H and O-D data. 67 Applying known empirical correlations between the Hbond energy from the O-H stretch frequency, 7 and taking 3706 cm −1 as the O-H stretch of non-hydrogen-bonded water, we estimate the H-bonding energies of the O-H stretches of water: 3628 cm −1 → 11.6 kJ/mol and 3300 cm −1 → 26.2 kJ/mol for the dark state, as well as 3639 cm −1 → 10.7 kJ/mol and 3440 cm −1 → 21.2 kJ/mol for the P 2 380 state. Thus, the energy, which is stored in the H-bonds of dangling waters, is reduced by about 6 kJ/mol upon formation of the conductive state. The two bands from water molecules observed upon formation of the P 2 380 intermediate of CaChR1, at 3646(+) and 3634(−) cm −1 (Fig. 3) , are reminiscent to two water bands at 3671(+) and 3643(−) cm −1 resolved in the M intermediate of BR, an intermediate as P 2 380 with a deprotonated SB. In BR, a dangling water with an O-H (O-D) vibration at 3643 cm −1 (2690 cm −1 ) in the ground state was assigned by experiments and calculations to the crystallographic water molecule W401. 27 This water molecule is H-bonded at its second O-H group to D85, forming part of the pentagonal arrangement around the protonated SB. This pentagonal H-bonded network is built on three water molecules and the ionized side chains of R82, D85, and D212. The O-D frequency of the H-bonded O-D group of W401 was determined in experiments to be at 2323 cm −1 , 27 while the O-H frequency was estimated by QM/MM calculations to be at 3325 cm −1 , 79 both indicating a medium/strong H-bond. A water molecule near the SB was also resolved in the X-ray structure of the C1C2 chimera of ChR (W619, see Fig. 8 ). 44 In an FT-IR study on the C1C2 chimera, a water molecule with the O-D stretch at 2378 cm −1 was assigned by its sensitivity to site-directed mutations to a water molecule H-bonded to D292 in the dark state, 45 a residue equivalent to D212 in BR. In the dark state of CaChR1, we estimate the O-H (O-D) frequency of the Hbonded O-H group of a dangling water at 3300 cm −1 (2450 cm −1 ), only slightly upshifted in respect to water W401 of BR and to the above discussed water molecule of the C1C2 chimera. 45 Thus, in homology with BR and C1C2, we suggest that this water molecule might take part, together with R166, E169, and D299 (see Fig. 8 ) and additional water molecules, in the H-bonding network of CaChR1 stabilizing the protonated SB. This suggestion goes in line with the increased bandwidth of the C=N stretch of the SB in H 2 O than in D 2 O, as was observed by resonance Raman spectroscopy. 48 This effect is likely due to a more efficient vibrational relaxation of the C=N stretch due to efficient energy transfer to the bending vibration of H 2 O, both with similar vibration frequency, indicating that water is directly H-bonded or at least in very close proximity to the SB. 48 In BR the dangling O-H vibration at 3643 cm −1 in the dark state is missing in the L intermediate, i.e., prior to the proton transfer from the protonated SB to D85, 24, 25 indicating a reorganization of H-bonds of water molecules that could be critical for this proton transfer to occur. A similar role for the water molecules around the SB can be envisaged in ChRs.
In BR, another dangling water is formed upon deprotonation of the SB, characterized by an O-H stretch at 3671 cm −1 . 24, 25 This water fills a hydrophobic cavity located in the cytoplasmic transmembrane part of BR. It has been suggested that this water molecule assists, along with two other water molecules, the reprotonation of the SB by D96. 24, 36 Thus, in BR two dangling waters could be localized at atomic resolution and were shown to be involved in H-bonding networks inside the protein. This H-bonding network is crucial for internal proton transfer reactions, and, thus, for the protonpump mechanism of BR. In CrChR2, the SB proton donor 81 using the C1C2 structure as template (pdb: 3UG9). 44 The gray horizontal lines indicate the membrane part of the channel. The retinal chromophore is located in the middle of the membrane (yellow sticks) and bound via a Schiff base, SB (blue), linkage to the apoprotein. All cysteine residues of CaChR1 are highlighted, as well as amino acids that are potentially involved in the SB counterion complex (R166, E169, D299) and the putative SB proton donor (D202). Water molecules resolved in the C1C2 structure are displayed as green spheres, including W619 near E169 and D299. The molecular graph was generated with the BALLView software. 82 is D156 (D115 in BR). Although the X-ray structure of the C1C2 chimera does not display a water molecule close to the equivalent location, 44 MD simulations indicate the presence of a nearby water molecule. 80 Therefore, it is tempting to suggest that the dangling water observed upon formation of the P 2 380 intermediate in CaChR1 is located in the cytoplasmic transmembrane part to assist reprotonation of the SB.
To determine their location and to determine if the dangling waters in CaChR1 have a similar role as in BR, a joint effort of site-directed mutagenesis, IR spectroscopy, high-resolution crystallography, and simulations is required.
C. Hydrogen-bonding changes in the side chain of internal cysteines
A frequency downshift of the vibrational band of the S-H stretching was observed upon illumination of CaChR1 ( Fig. 6 ) with bands resolved at 2569(−), 2560(−), and 2543(+) cm −1 , suggesting H-bonding changes in one or more cysteine side chains upon formation of the conductive state. Changes in the S-H stretching vibration have been reported for a few retinal proteins before, predominantly at cryogenic temperatures. For instance, Neurospora rhodopsin showed bands at 2573(+), 2564(+), and 2560(−) cm −1 , 46 Anabaena sensory rhodopsin (ASR) at 2547(−) and 2538(+) cm −1 , 83 and the C1C2 chimera bands at 2596(+) and 2577(−) cm −1 (Ref. 45 ) upon illumination at 77 K. At room temperature, ASR displayed bands at 2564(−), 2554(+), and 2544(−) cm −1 . 84 Thus, the S-H bands of CaChR1 appear in a frequency range similar to S-H bands of Neurospora and ASR.
CaChR1 contains as many as 14 cysteines (Fig. 8) , which renders the assignment difficult. The sulfhydryl group of the cysteine side chain is highly polarizable with a transition dipole moment in the S-H stretch that is strongly dependent on its environment. 72, 85 For instance, the extinction coefficient of the S-H stretch in water is very weak (∼ 5 M −1 cm −1 ), 72, 85 making solvent exposed cysteine residues practically undetectable by IR spectroscopy. 86 Instead, an increase in the extinction coefficient by a factor of ∼30 is observed when the S-H is buried in the protein, 86 suggesting that the resolved S-H in CaChR1 is unlikely to originate from a cysteine residues in the loop region (C80, C82, C125, C152, and C254). This rationale reduces the likely candidates to the nine transmembrane cysteines (see Fig. 8 ), namely, C101 and C109 on helix A, C133, C134, and C141 on helix B, C173 and C174 on helix C, and C231 and C232 on helix E. Below, we will discuss possible candidates but mutational work will be required for a definite band assignment.
There are two most common ways how thiol groups form H-bonds, either intrahelical with the oxygen atom of the backbone chain of the same helix or interhelical with a side chain of another helix. 74, 87 Consequently, a change in H-bonding strength of a cysteine side chain might originate either by a change in the pitch of the helix in the case of an intrahelical H-bond or a change in the relative orientation of two helices in the case of an interhelical H-bond. For CrChR2, it has been shown that the photocycle is associated with the movement of transmembrane helices, predominantly of helices B and F. 88 Because helix F of CaChR1 lacks cysteine residues, the cysteine residues in helix B (C133, C134, and C141) are prime candidates to undergo a measurable change in their S-H stretch frequency as a result of the structural changes.
Archetypical microbial rhodopsins either lack native cysteine residues (e.g., bacteriorhodopsin) or contain only a few. Anabaena sensory rhodopsin (ASR) contains three cysteine residues, two of them changing their S-H vibration frequency in the photocycle and assigned by site-directed mutagenesis to C137 (helix E) and C203 (helix G). 84 The first cysteine, C137, is conserved in CrChR1 (C222) and CrChR2 (C183), and in the derived C1C2 chimera (C222). 44, 74 The above cysteine is not conserved in CaChR1 (T229), but two cysteine residues are present nearby in helix E (C231 and C232). Thus, these two residues are prime candidates to change their S-H stretches during the photocycle of CaChR1, as well. The second "active" cysteine of ASR, C203, is not conserved in CrChRs (A289 in CrChR1 and T250 in CrChR2) nor in CaChR1 (S296).
An H-bond between the cysteine C128 and the aspartic acid D156, known as the DC gate, was shown to build a structural motif that influences the kinetics of channel closure in CrChR2. 43, 89 These two residues correspond to C174 and D202 in CaChR1 (Fig. 8 ). D156 in CrChR2 was further identified as the proton donor to the SB and the role of the DC gate was proposed to raise the pKa of D156 to stabilize the protonated form in the dark state. 90 The crystal structure of the dark state of the C1C2 chimera did not support an H-bond between the equivalent residues C167 and D195 (C1C2 numbering), 44 a controversial result challenging the molecular nature of the DC gate. 43, 89 Nevertheless, FT-IR measurements at 77 K on the C1C2 chimera detected S-H difference bands between the dark state and the P 1 intermediate, tentatively assigned to C167. 45 Given their frequency, 2596(+)/2577(−) cm −1 , it was concluded that the S-H group is not H-bonded in the P 1 state but weakly H-bonded in the dark state. The latter result contradicts the X-ray structural model of the dark state C1C2 chimera. In CrChR2, bands in the S-H region were detected in the P 1 500 and the P 4 480 state. 91 Upon the D156E mutation a 4 cm −1 downshift was observed for the S-H bands in the P 4 480 intermediate, but not in the P 1 500 intermediate. This result indicates that the S-H bands in the P 4 480 intermediate arise from C128, at least partially, which is close to D156. Following these results, the bands in the S-H stretch region of CaChR1 might originate from the equivalent residue, C174, at least in part.
V. CONCLUSIONS
We reported for the first time on vibrational changes in the S-H stretching of the conductive state of any ChR. The formation of the P 2 380 state of CaChR1 leads to stronger H-bonding of a cysteine residue(s). If the S-H vibration is due to C174 (equivalent to C128 in CrChR2) or to cysteine residues of helix B (C133, C134, and C141) or helix E (C231 and C232), will be addressed in site-directed mutagenesis experiments.
We also performed a detailed vibrational analysis of the four O-H (and O-D) stretching vibrations of water molecules in CaChR1, two in the dark and two in P 2 380 state. This is the first time that changes in the O-H stretching vibration of water molecules have been characterized upon the formation of the conductive state of any ChR. Similar vibrational changes of water molecules were observed previously in BR, and shown to be involved in proton transfer reactions essential for the proton-pumping mechanism of this protein. Whether a similar role can be assigned to the detected water molecules in CaChR1, will be elucidated in the future. Such studies are underway. S3 . Dependence of the effective depth of penetration, dp e , on the wavenumber for water in a single-reflection attenuated total reflection setup. The penetration depth of the evanescent wave evoked by an unpolarized IR beam is given by: dp e = 0.5dp e,0 + 0.5dp e,90 , where dp e,0 and dp e,90 are the effective penetration depths for parallel and perpendicular S2 polarized light. For the thick-film weak-absorber approximation of Harrick, the following equations are used: 1 dp e, 90 = n 2 ×⟨ E (0) 2 ⟩ y × dp 2n 1 ×cos θ = n 21 cos θ π n 1 v ( 1−n 21 2 )√ sin 2 θ−n 21 2 and dp e,0 = n 2 ×(⟨ E (0) 2 ⟩ x + ⟨ E(0) 2 ⟩ z )×dp 2 n 1 ×cos θ = n 21 cos θ ( 2 sin 2 θ−n 21 2 ) π n 1 v ( 1−n 21 2 )[( 1+ n 21 2 ) sin 2 θ−n 21 2 ]√ sin 2 θ−n 21 2 , where n 2 and n 1 are the refractive indices of the sample (water) and the material of the internal reflection element (diamond), respectively, and n 21 = n 2 /n 1 ;  is the angle of incidence of the IR beam with respect to the surface of the reflection element (45 o ); ⟨ E(0) 2 ⟩ x , y ,∨z is the initial intensity of the evanescent electric field relative to the incident intensity of the IR beam in the directions x, y, and z (see Fig. 1 in 1 ) ; dp is the penetration depth of the evanescent wave, dp= ( 2 π n 1 v √ sin 2 θ− ( n 2 /n 1 ) 2 ) ; and  is the wavenumber of the incident light in vacuum. For n 2 , the refractive index of water as a function of the wavenumber was used. 2 Fig. S4 . Comparison of the steady-state FT-IR difference spectrum (continuous illumination with LED) with time-resolved rapid-scan FT-IR difference spectra (nanosecond laser pulse excitation) at (a) 6.5 ms (P 2 380 intermediate) and at (b) 1 s (P 4 520 ) after excitation. We can conclude that the P 2 380 intermediate is predominantly accumulated under continuous illumination. All spectra are at 8 cm -1 instrumental resolution, scaled at the negative bands at 1,237 and 1,202 cm -1 of the retinal fingerprint. S3 Fig. S5 . Steady-state FT-IR spectrum of CaChR1 from two independent measurements (performed on films from different protein stocks). Both spectra were subjected to an identical baseline correction procedure to remove contributions from water heating. Bands assigned to dangling O-H stretches of water are shown and their wavenumber maximum labeled. Note the high reproducibility of the band maximum wavenumber.
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